There are several methods of assessing total arterial compliance (TAC) based on the two element Windkessel model, which is a ratio of pressure and volume, but the optimal technique is unclear. In this study, three methods of estimating TAC were compared to determine which was the most robust in a large group of patients with and without cardiovascular risk. In all, 320 patients (170 men; age 55 ± 10) were studied; TAC was determined by the pulse-pressure method (PPM), the area method (AM) and the stroke volume/pulse-pressure method (SVPP). We obtained arterial waveforms using radial applanation tonometry, dimensions using two-dimensional echocardiography and flow data by Doppler. Clinical data, risk factors, echo parameters and TAC by all three methods were then compared. TAC (ml mm Hg 
Background
There is increasing interest in incorporating the assessment of arterial function, and in particular arterial elasticity (or arterial stiffness) into cardiovascular imaging examinations. There are a plethora of approaches to the assessment of arterial elasticity, ranging from measurement of M-mode and twodimensional (2D) images, measurement of reconstructed radio-frequency data (echo tracking) from large arteries to non-invasive measurement of arterial pressure and flow and the use of mathematical models. From these, indices such as elastic modulus, distensibility index, local arterial compliance, distensibility coefficient, augmentation index and systemic or total arterial compliance (TAC) have been derived. 1 Although each of these indices provides a measure of arterial elasticity, most, with the exception of TAC, are focused on local or regional arterial elasticity, generally of large arteries.
Total arterial compliance, an estimate of arterial compliance in the entire arterial tree, is an important determinant of cardiac function and cardiovascular risk. 2 TAC is an expression of the compliance of the large, elastic central arteries as well as the small muscular peripheral arteries. Reduced TAC is associated with hypertension (HTN), ischaemia and reduced exercise capacity. 3, 4 Several methods of estimating TAC have been used, all derived from the Windkessel model-a mathematical model based on compliance and resistance, which uses pressure and volume as input. 5, 6 The two-element Windkessel model is the simplest one and the most widely used, but still the optimal technique is unclear. This study sought to compare three methods of estimating TAC in a large group of patients with and without cardiovascular risk to determine their correlation and which may be the most robust.
Materials and methods

Patient selection
In this cross-sectional study, we studied 320 patients (170 men; age 55±10) with and without cardiovascular risk factors but with no overt cardiovascular disease who were undergoing evaluation of arterial function. There were 82 control subjects with little or no cardiovascular risk (normal), 156 with a primary diagnosis of diabetes mellitus (DM) as well as other risk factors and 82 with HTN but no DM. Patients were excluded if they had any history of coronary artery disease, heart failure, chest pain, valvular disease, arrhythmia, stroke, peripheral vascular disease, renal failure or pulmonary HTN. Coronary artery disease was ruled out by stress echocardiography at baseline in the controls with cardiovascular risk factors and in the DM and HTN patients (254 in total). The studies were approved by the human research ethics committee and adhere to the declaration of Helsinki, and all patients gave informed consent.
Clinical data were obtained regarding age, gender, height, weight, smoking history, history of type II DM, HTN and hyperlipidemia and all medications. HTN was defined as a blood pressure of 4140/90 mm Hg or on medication for HTN, and patients were considered hyperlipidemic if their total serum cholesterol was 4200 mg per 100 ml or if they were currently on drug therapy for hyperlipidemia. There were no patients with type I DM, and patients who had a clinical diagnosis of type II DM (fasting blood sugar 4126 mg per 100 ml, fasting HbA1c 47% or on oral hypoglycaemic therapy) were included in the study. Clinical data were obtained by a detailed patient history and treatment history. Patients were studied after they had been fasting for at least 12 h and all medications had been withheld.
Echocardiography
Echocardiographic images and pulsed Doppler were acquired with a 3.5 MHz imaging transducer for left ventricular outflow tract dimensions and outflow velocity (IE33, Philips Medical Systems, Andover, MA, USA or Vivid7, GE-Vingmed Ultrasound, Horten, Norway) in all patients. A subgroup of 173 patients had comprehensive 2D echo images and pulsed Doppler for left ventricular dimensions and inflow and outflow velocities. Images were measured off-line using EchoPac BT08 (GE-Vingmed Ultrasound) and QLab 6 software (Philips Medical Systems). From the 2D images, left ventricular systolic and diastolic dimensions and wall thickness were measured according to the American Society of Echocardiography standard. 7 Left ventricular diastolic filling patterns (E, A and E/A ratio) were also measured from pulsedwave Doppler.
Applanation tonometry
Applanation tonometry (Millar SPT-301 Mikro-Tip transducer, Millar Instruments, Houston, TX, USA), was performed on the left radial artery in all patients. Blood pressure was measured in the right arm in all patients in the supine position using a standard sphygmomanometer on the brachial artery, after the patient had been allowed to rest for 5-10 min. Three measurements of blood pressure were taken and averaged for calibration of the tonometric data. Calibration of the tonometric waveform was performed by assuming equivalence of mean ((2*DBP þ SBP)/3) and diastolic brachial cuff pressure. The tonometric waveforms were obtained simultaneously with the pulsed-wave Doppler, digitized (WaveBook 512, IOTech Inc., Cleveland, OH, USA), and transferred to a laptop PC, in which they were synchronized using the R wave of the electrocardiogram. Using specialized acquisition software two sets of gated data (ECG, tonometry, Doppler) were acquired and stored for off-line analysis. Depending on heart rate, this was usually 20-30 cardiac cycles per patient. Echocardiographic images and pulsed Doppler were acquired using a standard ultrasound system (IE33, Philips Medical Systems) with a 3.5 MHz harmonic imaging probe. Central pressure was then derived by applying a transfer function to the radial tonometric pressure data and calibrated using mean and diastolic brachial cuff pressure. 8 The procedure was well tolerated, highly feasible and performed in o10 min in all patients.
Derivation of total arterial compliance Total arterial compliance was then determined by (1) the pulse-pressure method (PPM), (2) the area method (AM) and (3) the stroke volume/pulsepressure method (SVPP) for comparison in this study. The PPM uses SV (derived from the dimensions and pulsed-wave Doppler velocity of the aortic outflow) and the pressure waveform obtained from tonometry of the radial artery to determine TAC. 5, 6, 9 Compliance (C) is obtained as dV/dP (V ¼ systemic blood volume; P ¼ pressure and d ¼ change) and resistance (R) represents total resistance. Using the abbreviations j ¼ sqrt(À1), w ¼ 2pf, f being frequency, t is time, Z in is the input impedance and Q is the flow, the equations governing this method in the frequency and time domain are:
The AM uses an integral variation of the Windkessel equations and calculates compliance as:
Pdt=ðP1 À P2Þ
where P 1 and P 2 are diastolic pressure at times t 1 and t 2 , respectively. Using this equation the value for compliance can be found when the value for resistance is known. For steady states, R is calculated as mean pressure divided by mean flow. This equation is only valid when local flow is zero, so that it can only be applied to the ascending aortic wave form in diastole because for normally functioning heart valves, diastolic flow is zero. 10, 11 The SVPP is an index, which is a ratio of the stroke volume of the heart, calculated from the 2D echo dimensions and pulsed-wave Doppler velocity of the aortic outflow, and the pulse pressure (systolic-diastolic blood pressure). It is not generally accepted as a calculation or estimation of C but rather an index of normal/abnormal compliance. 12 SV (LVOT CSA * LVOT VTI) and CO (SV * HR) were determined according to the ASE standard 13 and total vascular resistance was determined as mean arterial pressure MAP/CO (where LVOT ¼ left ventricular outflow tract; VTI ¼ velocity time integral; HR ¼ heart rate; MAP ¼ mean arterial pressure; CO ¼ cardiac output; SV ¼ stroke volume).
For calculation of TAC by PPM and AM, the binary files were processed and analyzed using a custom analysis programme written in MatLab 4 (Mathworks, Natick, MA, USA). Between 5 and 10 cardiac cycles of both tonometry and Doppler were chosen from the raw data set based on data quality and averaged for analysis. With the use of cursors to identify the beginning and end of aortic ejection, peak ejection and peak pulse pressure on both the reconstructed Doppler and central pressure waveforms, the analysis programme then determined mean values for pressure and flow and calculated a mean aortic pressure. On the basis of the pressure and flow data derived from the central pressure waveform and the Doppler, the analysis programme then uses the iterative method described by Stergiopulos et al.
14 to find a value for TAC, which is the best fit between measured pulse pressure and the one estimated in the two-element Windkessel model. Using PPM, we have reported earlier the intra-observer coefficient of variation as 1.7%. 15 Statistical analysis Regression models were used to determine the relationship between the methods, analysis of variance was used to compare mean values for TAC in subgroup analysis by method, multiple linear regression was used to determine independent correlates of TAC by each method, and BlandAltman analysis was used to determine differences from the mean between methods.
Results
Clinical data for the patient cohort is shown in Table 1 . The patients were middle aged with moderately increased body mass index and intermediate cardiovascular risk (two cardiovascular risk factors). Central and peripheral blood pressure and cardiac output were all within normal limits. TAC (ml mm Hg -1 ) by the PPM was 1.24 ± 0.50, by the AM 1.84 ± 0.89 and by the SVPP 1.44 ± 0.53 (Po0.0001 between groups). PPM had the smallest s.d. from the mean out of the three methods (Table 1) . Correlation was good between all methods: PPM-AM r ¼ 0.83, PPM-SVPP r ¼ 0.94 and AM-SVPP r ¼ 0.80 (all Po 0.0001).
Comparison of total arterial compliance with pressure and in subgroups Figure 1 shows regression graphs between TAC and brachial PP (left) and aortic (central) PP (right) using the three different methods. The regression models were fitted using an inverse model fit (Y ¼ b0 þ (b1/t)). TAC-PPM and TAC-SVPP showed comparable model fits for both peripheral and central pressure with TAC-AM being significantly lower. Analysis of the subgroups showed significant differences between the subgroups using all three methods, as well as within groups and PPM showed the largest differences between subgroups with the smallest s.d. (Figure 2 ). Values for TAC-AM and TAC-SVPP were both significantly higher than PPM (both Po0.0001) ( Table 1) .
In multiple linear regression models using method of TAC as the dependant variable, the independent correlates of TAC were all similar using all three methods: age, height, weight, DM and HTN. The model fit for all three methods was slightly better using PPM although there was no significant difference between techniques ( Table 2) .
Bland-Altman analysis was used to determine paired difference between the methods. AM-SVPP had the smallest difference between methods (À0.12 ± 0.51 ml mm Hg -1 ), however, the s.d. was four times that of the mean difference ( Figure 3 ). PPM-AM and PPM-SVPP had similar differences between methods with smaller s.d.
Correlation with left ventricular structure and function
A subgroup of 173 patients had echocardiography performed to assess left ventricular structure and function. There were significant differences in left ventricular size, function and mass between the groups, as well as diastolic filling (Table 3) . Regression analysis was then performed to determine the relationship between left ventricular echo parameters and TAC. The only significant relationships observed with TAC were in left ventricular (LV) septal thickness and LV mass (Figure 4 ).
Discussion
The results of this study suggest that all three methods of estimating TAC based on the twoelement Windkessel model are comparable, and that TAC-PPM and TAC-SVPP may be more robust than TAC-AM in determining between-group differences. This is important when considering assessing arterial compliance in patients serially or in intervention trials, as the test-retest variability is in the range of 10%. In this study, there were significant differences between all of the methods for estimating TAC and PPM was significantly lower than both AM and SVPP. However, as observed in Figure 2 , the differences between subgroups with and without risk were similar with all three methods and PPM showed the largest between-group differences, as well as the smallest s.d. from the mean. 16 There were no differences observed in total vascular resistance between the subgroups, probably because they all had similar blood pressure and cardiac output. This should reinforce the rationale for assessing TAC over pulse pressure alone in patients with cardiovascular risk. The differences observed in left ventricular size and function were expected because of the incidence of HTN and varying degrees of cardiovascular risk. However, there were no relationships in the regression analysis between TAC and LV structure and function except for LV mass. Thus, the assessment of TAC in patients with cardiovascular risk identifies physiologic disturbances that are not appreciated by resting 2D echocardiography alone.
Total arterial compliance has been shown to be independently associated with cardiovascular risk, especially in hypertensive patients and in the elderly. 9, [17] [18] [19] This provides a good rationale for incorporating the evaluation of arterial compliance into the comprehensive cardiovascular examination of the patient with increased cardiovascular risk. We have shown earlier that TAC is closely related to cardiovascular risk factors 4 and that there is incremental benefit in measuring TAC rather than just pulse pressure. 20 In this study, all three methods for TAC correlated well with both peripheral and central pulse pressure (Figure 1) . The relationship of PPM and SVPP to pulse pressure were comparable and AM was significantly lower than both. The patient groups in this study all had differing risk factors and distributions of risk factors. The control group had the highest arterial compliance and the hypertensive group had the lowest probably reflecting the level of risk and the amount of arterial dysfunction. Yet, similar differences between the groups are observed using all three methods of arterial compliance assessment (Figure 2 ).
Heterogeneity of measures of total arterial compliance
Previous studies have shown disparate results in both normal and abnormal values for TAC. 6, 21 This may be due to the method used to assess TAC, and can also be attributed to the reported units of TAC. For both PPM and AM the usual standard units of measurement are ml mm Hg -1 , however, TAC has also been reported in arbitrary units. 16, 21 In this study, the normal controls had a TAC of approximately 1.6 ml mm Hg -1 , which correlates well with mean values reported by Stergiopulos et al. 5 as well as in a canine model. 6 Similarly, mean values here for AM correlate with those reported by O'Rourke et al. 21 but not those reported by Liang et al. 16 in similar patients. Values for SVPP observed in this study are higher than those reported by both Chemla et al. and de Simone et al. 12, 22 This is presumably related to the method of measurement of SV. This lack of uniformity among measures of TAC between studies may be hard to interpret, however, most of these studies show the same differences within groups with and without risk. 5, 12, 16, 22 Figure 1 Regression plots for total arterial compliance (TAC) (ml mm Hg -1 ) for the pulse-pressure method ((PPM) upper), area method ((AM) middle) and stroke volume/pulse-pressure method ((SVPP) bottom) between brachial (BPP) and aortic (AoPP) pulse pressure (mm Hg). The regression models were fit using an inverse model fit (Y ¼ b0 þ (b1/t)).
Limitations of the two-element Windkessel
As the two-element Windkessel model is a lumped model using only pressure and flow as input and based on the assumption that pressure decay in diastole is exponential, other models based on the Windkessel have been suggested. The three-element Windkessel uses input impedance as a third element and the four-element Windkessel uses inertance with the previous three. 23 However, Stergiopulos et al. 23 suggested that the PPM and AM, both based on the two-element Windkessel model, were more robust than earlier described methods based on a three-element Windkessel model. In the three- Figure 2 Error bars with 95% confidence intervals for withinand between-group differences in the subgroup analysis using the three different methods of assessing total arterial compliance (TAC) (ml mm Hg -1 ). AM, area method; DM, diabetes mellitus; HTN, hypertension; PPM, pulse-pressure method; SVPP, stroke volume/pulse-pressure method. Abbreviations: AM, area method; DM, diabetes mellitus; HTN, hypertension; PPM, pulse-pressure method; SVPP, stroke volume/ pulse-pressure method. Figure 3 Bland-Altman plots for the mean differences in total arterial compliance (TAC) (ml mm Hg -1 ) between all three methods. AM, area method; PPM, pulse-pressure method; SVPP, stroke volume/pulse-pressure method. element model, characteristic impedance is the third element paired with compliance and resistance, but he argued that the three-element model overestimates TAC by as much as 25% because the input impedance used in the model is significantly different from true input impedance. 23 In a canine model, Segers et al. 6 reported that the PPM based on the two-element Windkessel was the most robust of techniques.
Study limitations
The primary limitation of this study is the lack of gold standard with which to compare both normal and abnormal measures of TAC by all three methods. Although there was good correlation between measures presented here and previous studies, there were also discrepancies. Second, is the use of brachial cuff pressure to both calibrate the tonometry and calculate pulse pressure. Past studies have shown poor inter-observer variability in taking brachial pressure and a poor correlation between reported pressure and actual pressure. 24, 25 Third, variation in measurement of SV by echocardiography may affect the estimation of TAC between methods. And finally, in this study, the control group used was significantly younger than the other two groups of patients and there is a strong relationship between age and TAC. However, we have reported earlier that although age is related to TAC, cardiovascular risk factors were independent predictors of TAC in both older and younger patients. 4 And while the control group was slightly taller than the other two groups and heavier than the HTN group there were no differences between groups in body mass index or haemodynamic indices ( Table 1) . The results observed here between the subgroups are probably related to cardiovascular risk rather than age or body habitus.
Conclusion
In this study of methods for estimating TAC based on the two-element Windkessel model, normal and abnormal values of TAC vary according to the method of assessment, which should be expressed. However, each of the techniques shows good correlation with each other and similar values. TAC-PPM and TAC-SVPP are comparable in determining differences between groups with and without cardiovascular risk. Figure 4 Regression graphs showing the relationship between total arterial compliance (TAC) (ml mm Hg -1 ) (X axis) and septal thickness (left) and LV mass (right). The regression models were fit using a linear model fit ((Y ¼ b0 þ (b1*t)).
What is known about this topic K Reduced arterial compliance is associated with hypertension, ischaemic heart disease and decreased exercise capacity. K Systemic or total arterial compliance can be estimated using several different non-invasive methods and is related to cardiovascular risk. K There is no gold standard of accepted measurements using these non-invasive methods.
What this study adds K It shows that while absolute values for total arterial compliance (TAC) are different using each method, these methods are comparable and any one may be used. K Each method appears robust in determining differences between at-risk groups in a large clinical population. K The two-element Windkessel model has limitations and these should be considered when using TAC to assess patient.
ratio and cardiovascular risk in arterial hypertension. 
